Abstract. Ovarian cancer (OC) is one of the most common types of cancer among women worldwide. The majority of patients with OC respond to current chemotherapy approaches initially; however, patients are likely to experience cancer recurrence and become resistant to the chemotherapy. Therefore, novel agents for the treatment of OC are urgently required. Chaetocin, a natural product isolated from Chaetomium fungi, has been reported to exhibit anticancer activity against various types of cancer; however, the pharmacological action and detailed mechanism underlying the effects of chaetocin on OC cells remain unclear. Therefore, the present study investigated the cytotoxic effects of chaetocin on OC cells. A Cell Counting kit-8 assay was used to study cell viability, a colony formation assay was used to assess cell proliferation, flow cytometry was used to detect apoptosis, cell cycle and reactive oxygen species (ROS) generation, and western blotting was used to determine the protein levels of poly (ADP-ribose) polymerase, caspase-3 and cleaved-caspase-3. The results demonstrated that chaetocin significantly decreased the viability of OC cells. Chaetocin inhibited the proliferation and induced G 2 /M phase arrest of the OVCAR-3 OC cell line. Additionally, chaetocin induced apoptotic cell death in OVCAR-3 cells via the caspase pathway. It was observed that chaetocin induced the accumulation of ROS in OVCAR-3 cells. Treatment with the ROS scavenger N-acetyl-L-cysteine reversed the apoptotic effects and activation of the caspase pathway induced by chaetocin. Collectively, these results revealed that chaetocin suppressed the proliferation and promoted the caspase-dependent apoptosis of OC cells by increasing the levels of ROS. Therefore, chaetocin may serve as a potential therapeutic agent for the treatment of OC.
Introduction
Ovarian cancer (OC) is the eighth most common type of cancer and the eighth leading cause of cancer-associated mortality among women worldwide. A total of 295,414 women worldwide were reported to be diagnosed with OC in 2018; and 184,799 females succumbed from this gynecologic malignancy (1) . The combination of surgery with chemotherapeutic agents based on platinum salts and taxanes is the main treatment approach for patients with advanced-stage OC. A total of 65-80% of patients with OC respond to chemotherapy initially; however, the majority of patients experience cancer recurrence and become resistant to chemotherapy (2) . In addition, the 5-year survival of patients with advanced-stage OC is only 27% (3) . Therefore, novel agents for OC treatment are urgently required.
Chaetocin is a natural product isolated from Chaetomium fungi, and possesses antibiotic properties and a thiodioxopiperazine structure (4, 5) . Chaetocin has been reported to exhibit anticancer activity against various cancer cell lines, including hepatocellular carcinoma, glioma, myeloma, non-small cell lung cancer and leukemia cells (6) (7) (8) (9) (10) (11) (12) (13) (14) . Isham et al (7) revealed that chaetocin exerts its antimyeloma activity by affecting oxidative stress. Additionally, chaetocin was reported to exhibit antihepatoma activity by dysregulating the splicing of hypoxia-inducible factor 1α pre-mRNA (11) ; however, the pharmacological effects and detailed mechanism of chaetocin against OC remain unclear. In the present study, the pharmacological effects of chaetocin on OC and the underlying mechanism were investigated.
Materials and methods
Reagents. Chaetocin and N-acetyl-L-cysteine (NAC) were obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). z-VAD-fmk was purchased from Selleck Chemicals (Houston, TX, USA). Antibodies against poly (ADP-ribose) polymerase (PARP Colony formation assay. A total of 500 cells/well were seeded in a 6-well plate and incubated at 37˚C overnight. The following day, the cells were treated with 2.5 and 5 nM chaetocin and incubated for 9 days. The cells were then washed with PBS and fixed in ice-cold methanol for 10 min following treatment with chaetocin. The cells were then stained with crystal violet solution at room temperature for 10 min and washed with water. Images of the colonies were captured using an Epson Perfection V370 Photo scanner (Epson America, Inc., Long Beach, CA, USA).
Cell cycle analysis. The cells were treated with chaetocin (0.5 and 1 µM) for 12 h. Following treatment, the cells were collected and fixed with 66% ice-cold ethanol at 4˚C overnight, and then stained with 500 µl propidium iodide (PI; BD Biosciences, Franklin Lakes, NJ, USA) at room temperature for 15 min in the dark. The cell cycle distribution was analyzed by flow cytometry (λ ex =488 nm, λ em =630 nm, 10000 events analyzed).
Analysis of apoptosis.
The chaetocin-induced apoptosis of OVCAR-3 cells was analyzed using an Annexin V-fluorescein isothiocyanate (FITC)/PI staining kit (Nanjing KeyGen Biotech Co., Ltd.). The cells were treated with various concentrations of chaetocin (0.5, 1 and 2 µM) for 24 h and then washed with PBS. Subsequently, the cells were resuspended in a solution containing 500 µl binding buffer, 5 µl annexin V-FITC and 5 µl PI for 15 min at 37˚C in the dark. The apoptotic cells were then analyzed by flow cytometry (for annexin V-FITC, λ ex =488 nm, λ em =530 nm; for PI, λ ex =488 nm, λ em =630 nm; 10000 events analyzed). Annexin V + and Annexin V + /PI + cells were determined as apoptotic cells.
Determination of intracellular reactive oxygen species (ROS)
. ROS generation was measured using a ROS assay kit (Beyotime Institute of Biotechnology, Shanghai, China). The cells were loaded with 2',7'-dichlorofluorescin diacetate (10 µM) and incubated for 20 min at 37˚C in the dark. Following this, the cells were treated with chaetocin for 1 h and washed with PBS. The fluorescence was measured by flow cytometry (λ ex =488 nm, λ em =530 nm, 10 000 events analyzed).
Western blot analysis. The cells were treated with chaetocin and proteins were extracted using radioimmunoprecipitation assay buffer (Cell Signaling Technology, Inc.) containing protease and phosphatase inhibitors (Nanjing KeyGen Biotech Co., Ltd.). The concentration of proteins was determined with a BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.); 50 µg total cellular protein were separated by 10% SDS-PAGE (PARP, caspase-3 and β-actin) or 15% SDS-PAGE (cleaved-caspase-3) and transferred onto polyvinylidene difluoride membranes. The membranes were then blocked in 5% non-fat dry milk and incubated with primary antibodies overnight at 4˚C. The following day, the membranes were incubated with the anti-mouse immunoglobulin G or anti-rabbit immunoglobulin G horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h, and target proteins were detected using enhanced chemiluminescence. The gray values were analyzed using ImageJ software (version 1.52; National Institutes of Health, Bethesda, MD, USA).
Statistical analysis.
All experiments were performed in triplicate, and data are presented as the mean ± standard deviation. Statistical analysis was conducted via one-way analysis of variance followed by Tukey's post hoc test using GraphPad Prism software (version 6; GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Chaetocin significantly reduces OC cell viability. The present study determined the effects of chaetocin on OC cell viability. Various OC cell lines were treated with chaetocin (0.05, 0.1, 0.25, 0.5, 0.75, 1 and 2 µM) for 24 h, and the cell viability was then detected via a CCK8 assay. As presented in Fig. 1A-D , chaetocin significantly inhibited the viability of SKOV-3, OVCAR-3, KGN and A2780 cells in a dose-dependent manner, with half-maximal inhibitory concentrations of 0.30, 60.66, 81.86 and 100.60 nM, respectively. In addition, the half-maximal inhibitory concentration of chaetocin in the IOSE80 normal ovarian surface epithelium cell line was 206.10 nM, (Fig. 1E) , which was higher than the half-maximal inhibitory concentration of chaetocin in the OC cells (Fig. 1F) .
Chaetocin inhibits the proliferation of OC cells by inducing G 2 /M phase arrest. Colony formation assays were performed in the present study to determine the effects of chaetocin on the proliferation of OVCAR-3 cells. Chaetocin treatment at various concentrations resulted in fewer and smaller colonies of OVCAR-3 cells after 9 days (Fig. 2A) . This suggested that chaetocin effectively inhibited the proliferation of OVCAR-3 cells. In addition, whether the reduced proliferation of OVCAR-3 cells induced by chaetocin was associated with alterations in the cell cycle was investigated. The distribution of the cell cycle was analyzed by flow cytometry. Compared with that in the control group, the percentage of cells in the G 2 /M phase increased from 22.1% to 31.7 and 36.5% in OVCAR-3 cells treated with 0.5 and 1 µM chaetocin for 12 h, respectively (Fig. 2B) . These results indicated that chaetocin inhibited the proliferation of OC cells by arresting the cell cycle at the G 2 /M phase.
Chaetocin induces the caspase-dependent apoptosis of OC cells.
Flow cytometry was performed to analyze whether chaetocin induced the apoptosis of OVCAR-3 cells. As presented in Fig. 3A , chaetocin significantly increased the percentage of apoptotic OVCAR-3 cells, from 8.9% in the control group to 19.4 and 46.0% in the 1 and 2 µM chaetocin treatment groups, respectively. This indicated that chaetocin induced apoptotic cell death in OC cells. In addition, apoptosis-associated proteins, including caspase-3 and PARP, were affected by chaetocin. Chaetocin decreased the expression levels of caspase-3 and PARP, but increased those of the cleaved forms of caspase-3 and PARP in OVCAR-3 cells (Fig. 3B) . This further suggested that apoptosis was induced by chaetocin, which may occur via the caspase-dependent pathway. The pan-caspase inhibitor z-VAD-fmk was then used to validate whether the chaetocin-induced GC cell apoptosis depended on the caspase pathway. Of note, when OVCAR-3 cells were co-treated with chaetocin and z-VAD-fmk, the chaetocin-induced activation of the caspase pathway and resultant apoptosis were reduced (Fig. 3C and D) . Collectively, these results suggested that chaetocin induced the caspase-dependent apoptosis of OC cells.
Chaetocin increases ROS accumulation in OC cells. ROS serve
an essential role in cell proliferation and apoptosis. Previous studies have reported that chaetocin exerts the antimyeloma activity by affecting oxidative stress (7, 15) . In addition, the effects of chaetocin on the levels of ROS in OVCAR-3 cells were determined. Compared with the control group, the levels of ROS were markedly increased in OVCAR-3 cells treated with chaetocin. This suggested that chaetocin induced ROS accumulation in OVCAR-3 cells (Fig. 4A) .
ROS production is crucial for the chaetocin-induced caspase-dependent apoptosis of OC cells.
The present study investigated whether ROS production mediated the anticancer activity of chaetocin against OVCAR-3 cells. The ROS scavenger NAC was used to inhibit the excessive ROS accumulation induced by chaetocin (Fig. 4A) . When the cells were co-treated with chaetocin and NAC, the effects of chaetocin on the apoptosis of OVCAR-3 cells were notably abrogated (Fig. 4B) . In addition, the cleavage of caspase-3 induced by chaetocin in OVCAR-3 cells was reversed (Fig. 4C) . These data indicated that chaetocin-induced ROS accumulation may be associated with the caspase-dependent apoptosis of OVCAR-3 cells.
Discussion
OC is one of the most common types of gynecological cancer (1,16) . Carboplatin or cisplatin combined with paclitaxel is the standard treatment for patients with advanced-stage OC, however, the therapeutic effects are limited as the majority of patients experience cancer recurrence and become resistant to these anticancer agents (2, 3, 17) . Therefore, the development of novel effective agents against OC is required. In the present study, the therapeutic effects of chaetocin, a natural product isolated from Chaetomium fungi, were investigated in OC cells. Chaetocin induced cell cycle arrest of the OC cells in the G 2 /M phase and inhibited proliferation. Additionally, chaetocin caused the caspase-dependent apoptosis of OC cells. The levels of ROS were increased in OC cells following chaetocin treatment, which led to chaetocin-induced caspase-dependent apoptosis. The results of the present study suggest that chaetocin may be a potential therapeutic agent for the treatment of OC.
Apoptosis is a process of programmed cell death; several natural products have been reported to induce cancer cell death via apoptosis (18, 19) . There are two major pro-apoptotic pathways: The death receptor-mediated extrinsic pathway and the mitochondrial-mediated intrinsic pathway, in which the caspase family of proteins serve a pivotal role in the process of programmed cell death. The extrinsic pathway activates caspase-8, while the intrinsic pathway activates caspase-9. These pathways activate caspase-3, which cleaves its substrate PARP and induces apoptosis (20, 21) . Han et al (15) , reported that chaetocin exhibited pro-apoptotic effects on human melanoma cells via the intrinsic mitochondrial pathway. In acute myeloid leukemia cells, chaetocin induced apoptosis via the death receptor-mediated extrinsic pathway and mitochondrial-mediated intrinsic pathway (12) . Similar to these studies, the results of the present study revealed that chaetocin induced the apoptosis of OC cells. Additionally, the caspase pathway was activated by chaetocin in OC cells; the pan-caspase inhibitor z-VAD-fmk reversed the apoptotic effects of chaetocin, suggesting that chaetocin induces the caspase-dependent apoptosis of OC cells.
ROS, comprising oxygen radicals and non-radicals, are a group of chemical molecules with high reactivity and important roles in cellular proliferation, differentiation and death (22) (23) (24) . Excessive ROS accumulation can result in cell damage and death; cancer cells exhibit increased ROS levels compared with their normal counterparts (25) (26) (27) (28) . Therefore, developing ROS-targeting agents may be a potential strategy for the treatment of various types of cancer. In addition, numerous natural products have been reported to have notable anticancer activity by inducing ROS production. For example, piperlongumine, a natural alkaloid isolated from the fruit of long pepper, was observed to exhibit notable cytotoxic activity in numerous types of cancer by elevating ROS levels (29, 30) . It has also been reported that chaetocin increases ROS levels and induces apoptosis in acute myeloid leukemia, myeloma and intrahepatic cholangiocarcinoma cells (7, 12, 31) . In the present study, elevated levels of ROS were detected in OVCAR-3 cells following chaetocin treatment. Of note, when chaetocin-induced excessive ROS production was inhibited by NAC, the chaetocin-induced apoptosis of OC cells was markedly abrogated. Additionally, the activation of caspases induced by chaetocin in OC cells was reversed. Collectively, these results indicated that chaetocin increased the production of ROS, which may be associated with the caspase-dependent apoptosis of OVCAR-3 cells induced by chaetocin.
In conclusion, the findings of the present study indicated that chaetocin suppressed the proliferation and induced the caspase-dependent apoptosis of OC cells via the excessive production of ROS. To the best of our knowledge, the present study is the first to investigate the detailed pharmacological effects of chaetocin on OC cells and the underlying mechanism. Therefore, chaetocin may be considered as a potential therapeutic agent in treating patients with OC; however, the effects of chaetocin in vivo and the molecular mechanism by which chaetocin affects OC cells require further investigation.
